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Abstract: We demonstrate efficient, low power, continuous-wave four-
wave mixing in the C-band, using a high index doped silica glass micro ring 
resonator having a Q-factor of 1.2 million. A record high conversion 
efficiency for this kind of device is achieved over a bandwidth of 20nm. We 
show theoretically that the characteristic low dispersion enables phase-
matching over a bandwidth > 160nm.  
 
1. Introduction 
Nonlinear optical frequency conversion is important for many applications, including all-
optical switching, correlated photon pair generation, and narrow linewidth or multi-
wavelength sources [1-5]. Four-wave mixing (FWM), a third order nonlinear parametric 
process, is a common approach to frequency conversion, and optimizing its efficiency is 
critical to realizing practical levels of performance. This can be achieved either by increasing 
the waveguide nonlinearity parameter γ = ·n2/c·Aeff (where Aeff is the effective area of the 
waveguide, c is the speed of light, n2 is the Kerr nonlinearity, and  is the pump angular 
frequency), or by using resonant structures to enhance the local field intensity. Extremely high 
γ ‘s have been reported in silicon [6] (200,000 W-1 km-1) and chalcogenide glass [7] (100,000 
W-1 km-1 ) nanowaveguides. However, a low intrinsic figure of merit (n2/(α2·λ), where α2 is the 
two-photon absorption coefficient) in silicon [8,9] as well as an immature fabrication process 
and possible material power handling issues in chalcogenides, have motivated the search for 
additional platforms. High Q cavities have been effective in enhancing FWM in silicon [10] 
and GaAs [11, 12] integrated devices, as well as in silica [5, 13] and chalcogenide glass [14-
16] microspheres and toroids. 
Last year [17], we reported the first demonstration of continuous-wave (CW) nonlinear 
optics in high index doped silica glass waveguides, by achieving wavelength conversion via 
FWM in an integrated ring resonator (Q=65,000) with only a few mW of pump power. This 
established the capability of robust high index glasses, with negligible nonlinear absorption 
[18-21], to provide a platform for all-optical nonlinear photonic integrated circuits, with the 
added benefit of CMOS compatible (low temperature) fabrication processes. More recently 
[22], similar characteristics and performances have also been reported in silicon nitride, which 
closely resembles high index doped silica glass in terms of both nonlinearity and index.     
 Here, we report CW FWM in an integrated ring resonator with Q factor of 1.2 million, the 
highest Q-factor to date for a monolithically integrated ring resonator in which nonlinear 
optics has been reported. This high Q resonator is ideal for applications other than 
telecommunications, such as narrow linewidth, multi-wavelength sources, or correlated 
photon pair generation [1]. We achieve an improvement in efficiency of 23dB over previous 
results [17], with negligible phase mismatch for a conversion bandwidth (signal to idler 
separation) of 20nm. In addition, we experimentally measured an extremely low dispersion in 
these waveguides and found that it is nearly ideal for FWM in the C-band. Using these results 
we predict an achievable tuning range of 160nm. The combination of high efficiency, wide 
tuning range, and very low linear and nonlinear losses in these structures together with well 
established fabrication processes that do not require high temperature annealing (CMOS 
compatible), indicate that this platform is highly promising for a wide range of applications.  
The four wave mixing is a χ(3) (third order susceptibility) parametric process where two 
pump photons mix with a signal photon to yield an idler photon, whose frequency is 
established through energy conservation: 
isp  2 ,         (1) 
where υp, υs and υi are the pump, signal, and idler frequencies respectively. This process can 
also occur spontaneously, without seeding by a separate input at frequency υs, allowing the 
possibility of correlated photon pair generation. The classical effect (with seeding) is stronger 
and is the basis of numerous all-optical signal processing schemes in integrated devices and 
optical fibers [6, 23, 24]. To take advantage of the resonant enhancement for FWM in a ring 
resonator, the pump and signal frequencies are typically aligned to resonances, and if the 
process is phase matched, the idler wave will also be resonant, yielding a tremendous 
enhancement in efficiency.  
2. Experiment 
The high Q ring resonator we studied has a radius R=135μm and a free spectral range (FSR) 
of 200GHz (see Fig. 1a). The ring is vertically coupled to bus waveguides, both of which are 
composed of high-index n=1.7 doped silica glass (Hydex®) [17]. The linear transmission 
spectrum was measured from 1460nm to 1630nm with an Agilent 81600B CW tunable laser 
(with an 81619A photodetector). Spectra were taken with a resolution of 0.3pm, a balance 
between managing thermal stability and accurately measuring the 1.3pm (or 160MHz) 
linewidth of the device (Fig. 1b). This linewidth is equivalent to a Q-factor of 1.2 million, the 
highest reported for a monolithically integrated device (ie., excluding micro-toroids and 
spheres). Since the resonance can shift by as much as a half-width with a temperature change 
of only ~ 0.1C, the chip was mounted on a temperature controlled stage with thermocouple 
feedback in order to maintain alignment of the resonances to the optical wavelengths.  
 
Fig. 1. Linear transmission spectrum of the ring resonator recorded at the Drop port (a) and 
high resolution detail for a typical resonance (b) (with a lorentzian fit) showing a resonance 
width of 1.3pm. The variation in resonance strengths in a) are mainly a result of the 0.3pm 
spectral resolution.  
 
The dispersion of the ring resonator can be determined from the experimentally measured 
resonance wavelengths using 
RnLnm mmm  2 ,        (2) 
where λm is the wavelength of the mth resonance with effective index nm. Using modal 
simulations (n=1.7 for the waveguide core, n=1.444 for SiO2 @ λ=1550nm) we extract the 
mode number m of a specific resonance and from Eq. (2) the mode propagation constant β can 
then be obtained at each resonance m:  
R
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using the experimentally measured resonant frequencies from 1460-1630nm. To obtain the 
dispersion we fit the propagation constant to a 4th order polynomial and took the second order 
derivative with respect to the angular frequency. 
For the FWM experiments (Figure 2) the pump and signal beams from two CW tunable 
lasers (Agilent model 8164A and 8164B) were tuned to resonances of the ring resonator, then 
passed through two fiber polarization controllers and then coupled into the “on-chip” ring 
resonator via fiber pigtails. The output of both the Drop and Through ports were then 
measured via an optical spectrum analyzer (OSA) and power meter respectively.  
 
 
Fig. 2. FWM experimental setup.  
 
3. Results and Discussion 
The resultant group velocity dispersion is shown in Fig. 3 for both the quasi- TE and TM 
modes. The dispersion for both modes is small and anomalous over most of the C-band. At 
1550nm we obtain an anomalous GVD of β2= -3.1 ± 0.9 ps2/km (D = 2.5 ± 0.7 ps/nm/km) for 
the TM mode and -10 ± 0.9 ps2/km (D = 8 ± 0.7 ps/nm/km) for the TE mode. The zero 
dispersion points were determined to be at 1560nm and 1595nm for the TM and TE modes 
respectively. These results are promising for FWM in the telecommunications bands, as a low 
dispersion implies low phase mismatch, and hence large conversion efficiency.  
 
Fig. 3. Group velocity dispersion of the resonator obtained by fitting the experimentally 
measured resonance frequencies. The fits include up to 4th order dispersion terms. 
 
The results for two FWM experiments are presented in Fig. 4, which shows the spectrum 
out of the Drop port. In the first experiment, the pump and signal wavelengths were offset by 
one FSR (200GHz) near 1550nm, while in the second experiment the pump was shifted to ~ 
1600nm and the signal was six FSRs away (1.2THz). With incident pump and signal powers 
of 8.8mW and 1.25mW, respectively, we obtained an external conversion efficiency (defined 
as the ratio of the output idler power to the input signal power, thus accounting for all 
coupling, insertion and propagation losses) of ~ -36dB for both experiments. 
 
Fig. 4. FWM experimental results for pump and signal wavelengths tuned to adjacent esonances for the 
TE mode (200GHz) (a) and 6 resonances apart (~1.2THz) for the TM mode (b). The 3rd and 4th idlers 
(a) demonstrate the onset of cascaded FWM. Note the linewidths are broader than in Figure 1 because 
of the limited OSA resolution (15pm). 
 
The internal efficiency is estimated to be -26dB for both experiments using coupling 
losses from [17, 18], which is 23dB higher than previously reported in ring resonators [17]. 
This agrees with the theoretical undepleted pump model which predicts [12]:  
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where η is the internal conversion efficiency, L is the resonator length, the P’s are the optical 
powers, and FE is the field enhancement factor [17] estimated from the resonator geometry. 
Our high conversion efficiency is thus seen to be a direct result of the field enhancement 
factor in this high Q-factor resonator (FE=17.9). The similar efficiencies we obtained in the 
two FWM experiments, despite the different pump wavelengths and pump/signal wavelength 
offsets, is a reflection of the very low net dispersion, which is also responsible for the onset of 
the cascaded FWM observable in Fig. 4a.  
The phase matching condition for FWM in ring resonators can expressed in terms of the 
requirement matching the idler frequency ( Eq. (1))  to a ring resonance; i.e.: 
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where ΔυFWHM is the resonance linewidth. Figure 5 shows surface plots of this frequency 
detuning as a function of pump frequency and pump / signal frequency offset, obtained from 
the experimentally measured dispersion. The black diagonal band in Fig. 5 reflects the range 
over which our experimental data were taken; the colored regions are where FWM is phase 
matched according to Eq. (7), whereas the black region is where it is not phasematched. In 
particular, for a pump frequency near 193THz, we expect a tuning range of  > ±10THz, or 
±80nm (160nm full range) for the quasi-TE polarized mode. This tuning range is remarkable 
given the extremely narrow linewidth of our ring resonators (160MHz), and is a direct result 
of the zero-GVD crossings.     
 
Fig. 5. Idler detuning (see Eq. (7)) for TM (a) and TE (b) polarizations. ∆ is the 
difference between pump and signal frequencies (both independently tuned to resonances). 
Black regions represent non-phase matched conditions (where the idler is further than a 
FWHM from a central resonance frequency), whereas colored regions represent varying 
degrees of phase matching, with blue representing ideal phase matching. The black band 
reflects the region where experimental data was taken for the dispersion measurements.  
 
4. Conclusions 
We have demonstrated efficient FWM in an integrated, high index doped silica glass ring 
resonator with a Q-factor of 1.2 million.  We obtain an external conversion efficiency 23dB 
higher than previous results, over a bandwidth of ±10nm. The waveguide dispersion is 
measured and found to be small and anomalous over most of the C-band, and we use this to 
predict a tuning range of ±80nm for a pump near 1550nm. Together with the reliability and 
CMOS compatible fabrication process of these waveguides, our results open up the possibility 
of efficiently performing all-optical frequency conversion for a wide range of applications 
such as narrow linewidth, and/or multi-wavelength sources, as well as the on-chip generation 
of correlated photon pairs. 
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